Steroid receptor coactivator 3 (SRC-3) is an oncogenic nuclear receptor coactivator that plays a significant role in drug resistance. Using a lentiviral cDNA library rescue screening approach, we identified a SRC-3 downstream gene-TRAF4 (tumor necrosis factor [TNF] receptor associated-factor 4)-that functions in cell resistance to cytotoxic stress. TRAF4 expression is positively correlated with SRC-3 expression in human breast cancers. Similar to that observed for SRC-3 overexpression, breast cancer cells overexpressing TRAF4 are more resistant to stress-induced death. Here, we further dissected the underlying molecular mechanism for SRC-3 and TRAF4-mediated resistance to cytotoxic agents. We observed that SRC-3 expression is inversely correlated with the expression of p53-regulated proapoptotic genes in breast cancers and further found that SRC-3 and TRAF4 overexpression diminished cytotoxic stress-induced up-regulation of the tumor suppressor p53 protein.
Steroid receptor coactivator 3 (SRC-3/AIB1/ACTR/pCIP/ RAC3/Ncoa3) is an oncogenic nuclear receptor coactivator. It interacts with nuclear receptors such as estrogen receptor (ER) to enhance target gene transcription upon hormone stimulation. SRC-3 was found to be overexpressed in >60% of primary breast tumors, and its gene is amplified in 5%-10% of them (Anzick et al. 1997; Murphy et al. 2000) . Transgenic mice overexpressing SRC-3 have an extremely high spontaneous mammary tumor incidence (Torres-Arzayus et al. 2004) . High expression of SRC-3 is strongly correlated with shorter disease-free and overall survival (Zhao et al. 2003) . SRC-3 not only functions to promote breast cancer development, it also participates in tamoxifen resistance. It is significantly associated with early recurrence within 2 yr of follow-up evaluation (Dihge et al. 2008) . High SRC-3 expression, together with high HER-2 expression, is associated with the worst disease-free survival for patients receiving adjuvant therapy (Osborne et al. 2003; Kirkegaard et al. 2007) .
Several lines of evidence imply that SRC-3 plays a role in drug resistance. Drug resistance is a primary cause for treatment failure in patients with metastatic cancer (Longley and Johnston 2005) . It was recently found that amplification of chromosome 20q11.22-q13.12 is significantly associated with primary chemoresistance in ovarian cancers (Etemadmoghadam et al. 2009 ). The SRC-3 gene is mapped to this locus and is believed to be the most likely driver gene involved in this chemoresistance (Etemadmoghadam et al. 2009 ). Consistent with this interpretation, increased SRC-3 expression in ovarian cancer and esophageal carcinoma predicts chemoresistance and poor prognosis (Etemadmoghadam et al. 2009; He et al. 2009) . A high SRC-3 protein level also correlates with resistance to EGFR antagonists in lung cancers (Cai et al. 2010) . On the other hand, downregulation of the SRC-3 protein level is considered an important step for enhancing the ability of several anticancer agents to effectively combat cancers (Harper et al. 2009; Li et al. 2009a,b ). Thus, the expression level of SRC-3 may be an important factor in controlling the responses of cancer cells to anti-cancer therapies. Nevertheless, the mechanism of how SRC-3 is involved in drug resistance is totally unclear. We reasoned that identifying SRC-3 target genes involved in regulating this process would help elaborate the molecular mechanism underlying its ability to promote resistance.
Cells respond to different stresses or extracellular signals by altering complicated intracellular signaling pathways. Downstream effectors are usually regulated by upstream genes at the transcriptional or post-transcriptional level, such as at the level of protein activity or protein turnover. One of the most common methods to identify downstream transcriptional target genes is from microarray analyses. It is a useful approach in identifying a gene expression profile that is regulated by a specific protein or altered by a specific signal. However, fishing a critical functional target from these microarray data is a daunting task. Furthermore, downstream targets that are regulated at the post-transcriptional level cannot be identified from the microarray studies. In the present study, we employ a ''rescue strategy'' to identify genes downstream from SRC-3 that specifically functioned in cell resistance to cytotoxic stress using a lentiviral cDNA library screening approach (Wu et al. 2012) . Overexpression of the candidate gene by lentivirus is able to rescue the consequences of SRC-3 depletion on cell sensitivity to the induced stress. Using this approach, we found that tumor necrosis factor (TNF) receptor associated-factor 4 (TRAF4) is a major SRC-3-regulated downstream gene that is involved in this process.
TRAF4 belongs to the TRAF family, comprised of seven members. The family members share a common TRAF domain at the C terminus and are adaptor/scaffold proteins that couple TNF receptors and interleukin receptors to downstream signaling pathways. TRAFs mainly regulate the function of the immune system. TRAF4, however, is a unique member of the TRAF family in that it does not interact with the TNF receptor. It only interacts weakly with a few members of the receptor family under certain specific conditions (Kedinger and Rio 2007) . TRAF4 also does not play a major role in the development and normal function of the immune system, except for facilitating the migration of immune cells (Cherfils-Vicini et al. 2008 ). TRAF4-deficient mouse studies indicate that TRAF4 is important for early embryogenesis; one-third of TRAF4 knockout mice are embryonic-lethal (Regnier et al. 2002) . Surviving mice display tracheal, skeletal, and neural tube closure defects, potentially due to the loss of TRAF4-dependent migration. In most adult tissues, TRAF4 is expressed at basal levels (Kedinger and Rio 2007) . However, it is overexpressed and amplified in several human cancers, including breast cancer (Camilleri-Broet et al. 2007 ). Indeed, TRAF4 was initially identified by differential screening of cDNAs that are up-regulated in metastatic breast cancer (Regnier et al. 1995) . Currently, its function in cancer development is not clear.
Here we demonstrate that breast cancer cells overexpressing TRAF4, similar to cells that overexpress SRC-3, are more resistant to nitric oxide-induced cell death. We further demonstrate that overexpression of TRAF4 diminished stress-induced p53 up-regulation and subsequent cell apoptosis via competitive binding with p53 to the deubiquitinase HAUSP (herpesvirus-associated ubiquitin-specific protease; also named USP7). These findings underscore the important interactive roles of SRC-3 and TRAF4 in mediating cell responses to cytotoxic stress. Consistent with its cellular function, we found that high nuclear expression of TRAF4 in human breast cancer tumors was significantly associated with poor survival.
Results

TRAF4 is a SRC-3 downstream gene that regulates cell responses to cytotoxic stress
In order to test the role of SRC-3 in cell sensitivity to cytotoxic agents, we generated two different SRC-3-depleted cell lines. One was a breast cancer cell, MCF-7, stably integrated with a shRNA expression vector that specifically targets SRC-3. Another cell line was derived from SRC-3-null mouse mammary epithelial cells harboring the ras oncogene (Kuang et al. 2004) . We found that SRC-3 deficiency makes both cells more sensitive to sodium nitroprusside (SNP; nitric oxide donor)-induced cell death (Fig. 1A,B) . SRC-3 depletion also sensitized cells to induced cell death by doxorubicin, a widely-used chemotherapeutic agent (Supplemental Fig. S1 ).
To understand the mechanism of how SRC-3 regulates cell sensitivity to cytotoxic agents, we developed a ''rescue screening'' methodology to identify SRC-3-dependent downstream genes. Our strategy was to generate a lentiviral cDNA library and then infect lentiviruses into SRC-3-null or knockdown cells. Infected cells that survived under the stress of nitric oxide should contain potential anti-cell-death genes. We successfully obtained several clones from the screening (Supplemental Table S1 ). Among them, we found a well-known ER targeted gene, Cathepsin D (CTSD), which has been implicated with chemoresistance in ovarian cancers (Bazzett et al. 1999; Leto et al. 2004) . Estrogen-dependent expression of CTSD was reduced by siRNA against SRC-3, substantiating that it is a SRC-3-regulated gene ( Fig. 2A) . Identification of this protein in our screening suggested that our approach was valid. Additionally, we identified a novel SRC-3-regulated gene, TRAF4. As shown in Figure 2B , knockdown of SRC-3 by siRNA in MCF-7 cells significantly decreased TRAF4 expression. Consistent with this, TRAF4 expression also was reduced in a MCF-7 shSRC-3 stable cell line (Supplemental Fig. S2A) . The shRNA targeted different sequences in SRC-3 from siSRC-3, indicating that the effects on TRAF4 expression are unlikely due to off-target effects of siRNA. Western blot analysis showed a decrease in TRAF4 protein level by siRNA against SRC-3 in either the absence or presence of SNP treatment (Supplemental Fig. S2B ). In contrast, overexpression of SRC-3 in A549 cells significantly increased TRAF4 protein level (Supplemental Fig. S2C ). These results further confirmed that SRC-3 regulated TRAF4 protein levels in the cells.
Using a human breast tumor array that contains 75 cases and 150 cores of breast normal and tumor tissues, we found that 67% of SRC-3 high-expressing samples also have higher levels of TRAF4, while 74% of TRAF4 highexpressing samples also have higher levels of SRC-3 (Fig.  2C ). Representative images of SRC-3 high, TRAF4 high, SRC-3 low, and TRAF4 low tumor immunohistochemistry staining are shown in Supplemental Figure S3 . The Pearson Product Moment correlation coefficient for the staining intensities of SRC-3 and TRAF4 in the breast tumor array is 0.442 (P = 0.00007218). We also analyzed the mRNA levels of SRC-3 and TRAF4 in a breast cancer cDNA array that contained 48 samples covering normal and different stages (stages I, IIA, IIB, IIIA, IIIB, IIIC, and IV) of breast tumors (Fig. 2D, left panel) . Similar to that observed for the protein levels, the correlation between SRC-3 and TRAF4 mRNA levels is statistically significant. The scatter plot of the expression of SRC-3 and TRAF4 in these samples is shown in the right panel of Figure 2D . The correlation coefficient is 0.404 (P = 0.00445). These results suggest that SRC-3 also controls TRAF4 expression in breast tumors.
To understand how SRC-3 regulates TRAF4 expression, we generated several different TRAF4 promoter-driven luciferase constructs as reporters and found that SRC-3 is able to activate the À1-kb TRAF4 promoter-driven transcription (data not shown). We then searched for potential transcription factor-binding sites in this region and found that SRC-3 dramatically enhanced the activation activity of AP-1 (c-jun/c-fos) transcription factor on the À1-kb but not the À0.4-kb TRAF4 promoter-driven transcription (Supplemental Fig. S4A ). Consistent with this, an AP-1 site was found within this region. Knockdown of c-fos in MCF-7 cells significantly reduced the TRAF4 mRNA levels (Supplemental Fig. S4B ), suggesting that the AP-1 regulates endogenous TRAF4 transcription. It was previously known that SRC-3 directly interacts and coactivates AP-1 transcriptional activity (Lee et al. 1998; Yan et al. 2008) . To test whether SRC-3 regulates TRAF4 transcription through AP-1, we performed a chromatin immunoprecipitation (ChIP) assay. As shown in Supplemental Figure S4C , both c-fos and SRC-3 can be recruited to the TRAF4 À1-kb promoter but not the 39 untranslated region (UTR) region. Knockdown of c-fos significantly reduced the recruitment of both c-fos and SRC-3, suggesting that SRC-3 directly regulates TRAF4 transcription through the AP-1 transcription factor.
To confirm that TRAF4 overexpression is indeed responsible for cancer cell resistance to SNP-induced death, we generated lentiviruses expressing TRAF4 and infected them into MCF-7shSRC-3 cells to establish a stable cell line. We used fewer lentiviruses to infect cells in order to obtain stable cells that express TRAF4 within a reasonable range to avoid gross overexpression. As shown in Figure 2E , the level of TRAF4 in the stable cells was about twofold the level found in control cells. The TRAF4 stable cells display less cell death compared with control cells at the same concentration of SNP. Similar results were obtained from TRAF4-overexpressing LNCaP cells (Supplemental Fig. S5C ). In contrast, knockdown of TRAF4 by siRNA sensitized cells to SNP treatment (Supplemental Fig. S5A ,B). We also found that TRAF4 stable cells were more resistant to doxorubicin treatment compared with control cells (Supplemental Fig. S5D ,E). This implies that TRAF4 could inhibit the common death pathways that are induced by both nitric oxide signaling and doxorubicin. Thus, although TRAF4 was identified from SNP screening, it also could have important clinical relevance to doxorubicin or resistance to other chemotherapeutic agents in breast cancer patients.
SRC-3 and TRAF4 regulate p53 protein levels
We next investigated the mechanism by which SRC-3 and TRAF4 might regulate cellular responses to druginduced stress. Most chemotherapeutic agents or other anti-cancer drugs induce tumor cell apoptosis. MCF-7 cells are deficient in caspase-3, a commonly activated caspase in apoptosis (Janicke et al. 1998 ). To examine whether the cell death that we observed induced by nitric oxide was caused by apoptosis, MCF-7 cells were stained with Annexin-V and propidium iodide (PI). The existence of Annexin-V-positive and PI-negative staining of nitric oxide-treated cells indicated that cells were undergoing apoptosis (Supplemental Fig. S6 ), while the control cells without any treatment were alive, since they were negative for either Annexin-V or PI staining.
In searching for the mechanism of how SRC-3 might regulate anti-apoptosis, we found an apparent inverse correlation between SRC-3 protein levels and the levels of a proapoptotic protein, BID, enlisted in 410 breastinvasive carcinoma samples present in The Cancer Genome Atlas (TCGA) data sets (University of California at Santa Cruz [UCSC] Cancer Genomics) as assayed by reverse-phase protein array technology (Fig. 3A) . BID is a member of the Bcl-2 family of proteins and is a p53-regulated ''chemosensitivity gene'' (Sax et al. 2002) . We downloaded the protein expression data of SRC-3 and BID MCF-7 cells transfected with control or siTRAF4 were treated with SNP for 2 h followed by the addition of 200 mg/mL cycloheximide for 0, 1, 2, and 3 h. The cell lysates were then subjected to Western blot analysis using a p53-specific antibody. (H) p53-regulated gene transcription was up-regulated by TRAF4 knockdown. (*) P < 0.05. from UCSC Cancer Genomics and then performed statistical analysis. The scatter plot of SRC-3 and BID protein expression in these tumor samples is shown in Figure 3B . The Pearson correlation coefficient is À0.506 (P = 5.52 3 10 À28 ), indicating that the SRC-3 and BID protein levels are indeed inversely correlated in breast tumors. Since BID is a proapoptotic protein, we then examined whether there is an inverse correlation between the expression of SRC-3 and apoptosis marker genes. Indeed, we found that the levels of SRC-3 protein and cleaved caspase 9 also are inversely correlated in breast cancers (Fig. 3A,C) . These results suggest that SRC-3 could negatively regulate apoptosis in breast cancers.
Since the transcription of BID is regulated by the tumor suppressor p53, we then asked whether SRC-3 might negatively regulate p53 function. p53 protein level is usually induced upon stress or cytotoxic agent treatment. It is a critical factor for cell cycle arrest and cell apoptosis. We first examined whether SRC-3 depletion could affect p53 protein levels. As shown in Figure 3D , SNP treatment of MCF-7 cells significantly increased p53 protein levels. SRC-3 depletion in the presence of SNP dramatically increased p53 protein levels. In contrast, overexpression of SRC-3 significantly decreased p53 protein levels in the presence of SNP (Supplemental Fig. S7A ). Furthermore, knockdown of p53 in SRC-3-depleted cells led to enhanced cell resistance to SNP or doxorubicin-induced cell death ( Fig. 3E; Supplemental Fig. S8A ). These results suggest that p53 plays an important role in SRC-3-regulated cell responses to cytotoxic stress. We then examined whether TRAF4 functions in the same pathway. As shown in Figure 3F and Supplemental Figure S7B , p53 protein level was significantly increased when TRAF4 was knocked down by a specific siRNA, which was similar to the effect of SRC-3 knockdown (Fig. 3D) . We used two different siTRAF4s to ensure that increase of p53 protein levels in the presence of SNP were not caused by off-target effects of siRNA (Supplemental Fig. S7C ). Similar to SRC-3 overexpression, TRAF4 overexpression in SNP or doxorubicin-treated LNCaP cells also decreased p53 protein levels (Supplemental Fig. S7D ,E, respectively). Knockdown of p53 enhanced cell resistance to either cytotoxic agent-induced death (Supplemental Fig.  S8B-D) . To determine whether up-regulation of the p53 protein level occurs at the transcription level, we measured the mRNA level of p53 by real-time RT-PCR and did not observe a significant change when TRAF4 was knocked down (Supplemental Fig. S9A ). Our results suggest that TRAF4 affects the post-transcriptional regulation of p53. The p53 protein stability then was determined by the treatment of cells with the protein synthesis inhibitor cycloheximide. As shown in Figure  3G , the p53 protein level was degraded with time in the presence of control siRNA, while its protein was more stable in the absence of TRAF4, suggesting that TRAF4 interfered with the p53 protein turnover.
To determine whether the stabilized p53 caused by siTRAF4 was functionally active, p53-mediated gene transcription was examined. As shown in Figure 3H , the levels of the p53-regulated genes MDM2, Gadd45, and Bax were up-regulated by siTRAF4, suggesting that siTRAF4-mediated p53 stabilization has functional consequences on genes downstream from p53.
TRAF4 interacts with the deubiquitinating enzyme HAUSP
We next wanted to understand how TRAF4 regulates p53 protein level. p53 is polyubiquitinated and degraded by the 26S proteasome. Under normal conditions, MDM2, an E3 ubiquitin ligase, binds to p53 and promotes its degradation. When cells are under stress, MDM2 is dissociated from p53, and its protein level is up-regulated.
p53 ubiquitination is dynamically regulated. The protein also undergoes deubiquitination catalyzed by HAUSP, resulting in its stabilization (Li et al. 2002) . HAUSP contains a TRAF-like domain at its N terminus. This region mediates the interaction of HAUSP with p53 (Hu et al. 2006; Sheng et al. 2006) . Interestingly, TRAF4 also interacts with HAUSP through this TRAF-like domain in vitro (Zapata et al. 2001) . We further tested whether this interaction exists in cells. A coimmunoprecipitation (co-IP) experiment was carried out in MCF-7 cells using TRAF4 antibody or an IgG control. HAUSP was specifically coimmunoprecipitated by the TRAF4 antibody but not the IgG control (Fig. 4A) . A similar interaction was observed in LNCaP prostate cancer cells, which also express wild-type p53 (Supplemental Fig. S9B ). These results suggest that TRAF4 indeed interacts with HAUSP in cells.
We then asked whether the TRAF4-induced degradation of p53 may result from the inhibition of HAUSP's ability to stabilize p53. Since HAUSP mediates p53 deubiquitination, we first asked whether TRAF4 could affect HAUSP-mediated p53 deubiquitination. 293T cells were cotransfected with myc-tagged p53 and HA-tagged ubiquitin in the absence or presence of HAUSP or TRAF4 cotransfection. Cells were treated with SNP and the proteasome inhibitor MG132 to prevent the degradation of ubiquitinated p53. myc-p53 was then immunoprecipitated with an anti-myc antibody, and ubiquitinated p53 was detected using an anti-HA antibody. As shown in Figure 4B , cotransfection of HAUSP significantly decreased p53 polyubiquitination. Addition of TRAF4 abolished the deubiquitination effect of HAUSP toward p53. To determine whether TRAF4 affected the interaction between HAUSP and p53, a co-IP experiment was performed in myc-p53 and Flag-HAUSP transfected cells in the absence or presence of cotransfected TRAF4. The proteasome inhibitor MG132 was added to the cells to prevent p53 degradation in order to obtain an equal amount of myc-p53 as input. As shown in Figure 4C , the interaction between myc-p53 and Flag-HAUSP was significantly reduced in the presence of TRAF4. Furthermore, a weaker interaction between endogenous p53 and HAUSP was observed in TRAF4-overexpressing cells (Fig. 4D) . These results suggest that TRAF4 was able to interfere with the interaction of p53 with HAUSP and decreased the HAUSP-mediated p53 deubiquitination.
TRAF4 competes with p53 for HAUSP binding
The fact that TRAF4 interacts with the same domain in HAUSP as p53 raises the possibility that TRAF4 may compete with p53 for binding to HAUSP. A similar mechanism was used by MDM2 (Hu et al. 2006; Sheng et al. 2006 ) and the viral protein nuclear antigen 1 (EBNA1), which protects cells from apoptosis and subsequent cell transformation upon Epstein-Barr virus infection by lowering p53 levels (Saridakis et al. 2005 ). MDM2 also is deubiquitinated by HAUSP. It binds to HAUSP at the same domain as p53 but in a mutually exclusive manner. TRAF4 overexpression has a minor effect on the interaction between MDM2 and HAUSP (Supplemental Fig. S9B ). This likely may be due to much higher affinity of MDM2 with HAUSP compared with p53 (Hu et al. 2006) . We wanted to examine whether TRAF4 is a competitor of p53 for HAUSP binding. p53, HAUSP, and TRAF4 proteins were synthesized using an in vitro transcription and translation system and mixed together for 30 min before co-IP with a HAUSP-specific antibody. As shown in Figure 5A , p53 interacts with HAUSP in vitro. The addition of TRAF4 abolished this interaction. Our result suggests that TRAF4 can compete with p53 for binding to HAUSP.
To confirm that this competition was not due to nonspecific interaction between TRAF4 and HAUSP, we first identified the HAUSP-interacting region in TRAF4 and then examined whether a TRAF4 deletion mutant without this interacting region was able to block the p53-HAUSP interaction. A schematic representation of the TRAF4 protein domains is shown in Figure 5B . It contains an N-terminal RING finger motif, which has potential E3 ubiquitin ligase activity. The middle part of TRAF4 is composed of three cysteine-rich domains (CART [cysteine-rich domain associated with RING and TRAF domain]), which contains putative zinc finger domains. The C terminus contains the TRAF domain, which is responsible for homo-or heterodimerization and its interaction with TNF receptor family members. To analyze the regions important for TRAF4 functions, an expression vector for Flag-tagged wild-type, RING, CART, or TRAF domain-deleted TRAF4 was generated and transfected into 293T cells. A GST pull-down experiment was then performed using GST-fused HAUSP N-terminal TRAF-like domain (1-212 amino acids) and cell lysates expressing these TRAF4 mutants. The wild type was pulled down by GST-HAUSP but not GST, suggesting a specific interaction between TRAF4 and HAUSP (Fig.  5C , lane 6 vs. lane 5). The RING domain and the CART domain were dispensable for the interaction, since the deletion mutants (DR and DCART) can still be pulled down by GST-HAUSP (Fig. 5C, lanes 7,8) . The TRAF domain deletion mutant was very unstable and did not express well in cells. Alternatively, a combined RING and TRAF domain double deletion mutant (DR/T) was generated, and no interaction was observed between this mutant and HAUSP (Fig. 5C, lane 9) . These results suggest that the C-terminal TRAF domain is required for TRAF4 interaction with HAUSP. Co-IP was carried out in MCF-7 cells using a TRAF4-specific antibody. HAUSP was detected using a specific antibody in TRAF4 immunoprecipitated fractions. (B) TRAF4 decreased HAUSPmediated p53 deubiquitination. 293T cells were transfected with myc-p53 and HA-Ub in the absence or presence of cotransfection of expression vectors for Flag-HAUSP and Flag-TRAF4 for 2 d. Cells were then treated with 20 mM MG132 and 2 mM SNP for 4 h before harvesting. The ubiquitinated p53 was precipitated from cell lysates using a myc-specific antibody and was detected using a HA antibody for Western blot analysis. (C) TRAF4 decreased the interaction between p53 and HAUSP. 293T cells were transfected with myc-p53 and Flag-HAUSP in the absence or presence of cotransfected expression vectors for Flag-TRAF4 for 2 d. Cells were then treated with 10 mM MG132 and 2 mM SNP for 4 h before harvesting. The interaction between HAUSP and p53 was detected by co-IP using a myc antibody followed by a Flag antibody detection and Western blot analysis. (D) The interaction between endogenous p53 and HAUSP was decreased in TRAF4-overexpressing stable cells. Cells were treated with MG132 in order to prevent p53 degradation, and therefore, equal amounts of p53 can be used as inputs. Co-IP was performed using a HAUSP-specific antibody, and the associated p53 was detected using a p53-specific antibody. (Control) Empty vector integrated stable cells; (TRAF4) TRAF4 stable cells. The TRAF domain is indispensable for the ability of TRAF4 to prevent p53 binding to HAUSP. Flag-tagged p53, HAUSP, or TRAF4 mutant proteins purified from transfected 293T cells were incubated together, and the mixtures were then immunoprecipitated using a HAUSP antibody; the associated p53 or TRAF4 was detected by Western blot analysis using specific antibodies. (E) TRAF domain deletion mutants lost the ability to regulate p53 induction. Expression vectors for Flag-tagged TRAFDR or TRAFDR/T mutant or the empty vector were transiently transfected into MCF-7 cells in the absence or presence of 2 mM SNP treatment for 4 h before harvesting. Western blot analysis was performed using a p53-specific antibody or a TRAF4-specific antibody that recognized the DR and DR/T mutants. (F) TRAF4 blocked HAUSP-mediated p53 deubiquitination in vitro. Flag-p53, HA-Ub, and MDM2 expression vectors were cotransfected into 293T cells followed by MG132 treatment before harvesting. p53 protein was then purified by Flag affinity purification. HAUSP-mediated deubiquitination assays were carried out by incubating p53 protein with HAUSP protein in the absence or presence of different concentrations of TRAF4. The ubiquitination levels of p53 were detected by Western blot analysis using a HA-specific antibody.
To test whether the TRAF domain of TRAF4 also is critical for interfering with p53-HAUSP interaction, we did in vitro binding assays using purified proteins. Flagtagged p53, HAUSP, or TRAF4 was transfected into 293T cells and purified by immunoprecipitation using a Flag antibody and then eluted with Flag peptides. The purified proteins were mixed in vitro and then immunoprecipitated with a HAUSP-specific antibody. As shown in Figure  5D , p53 was pulled down with the HAUSP antibody (lane 1) but not the IgG control antibody (lane 4) in the absence of TRAF4, suggesting a specific interaction with HAUSP. The addition of the TRAF4 DR mutant to the mixture significantly reduced the interaction between p53 and HAUSP (Fig. 5D, lane 2) . Meanwhile TRAF4 DR was detected by the TRAF4-specific antibody in the precipitates pulled down by HAUSP antibody. Although equal amounts of TRAF4 DR and DR/T were added to the mixture, the DR/T mutant did not interact with HAUSP, and no alterations were evident in the p53-HAUSP interaction (Fig. 5D, lane 3) . These results confirm that TRAF4 is a de facto competitor for p53 binding to HAUSP.
Consistent with its ability to interact with HAUSP, overexpression of the TRAF4 RING deletion mutant by transient transfection (Fig. 5E ) was still able to decrease p53 protein level upon SNP treatment, while the TRAF domain deletion mutant failed to alter the level of p53 (Fig. 5E ). These results indicate that the ability of TRAF4 to interact with HAUSP is critical for its role in regulating p53 stability.
TRAF4 can block HAUSP-mediated p53 deubiquitination in vitro
To demonstrate that the effect of TRAF4 on HAUSPmediated p53 deubiquitination in cells is not caused by indirect regulation of TRAF4 on other proteins such as E3 ubiquitin ligase, we performed an in vitro p53 deubiquitination assay. Flag-p53, HA-ubiquitin, and MDM2, which increases p53 ubiquitination, were cotransfected into 293T cells, and the cells were then treated with MG132 to prevent the degradation of polyubiquitinated p53. The p53 protein purified from transfected 293T cell lysates was then incubated with purified HAUSP in the absence or presence of TRAF4 protein. As shown in Figure  5F , the polyubiquitination form of p53 can be detected, and the presence of HAUSP significantly reduced the level of p53 polyubiquitination, suggesting that the purified HAUSP was active in mediating deubiquitination in vitro. The addition of increasing amounts of TRAF4 protein, however, gradually decreased this HAUSP-mediated deubiquitination effect. Our results indicate that TRAF4 can regulate the level of p53 polyubiquitination through a direct interaction with HAUSP.
HAUSP is the key molecule responsible for mediating TRAF4 regulation of p53 stability
To further confirm that HAUSP is a key component in TRAF4-mediated p53 regulation, HAUSP was depleted by specific siRNA in either TRAF4-overexpressing stable cells or TRAF4 knockdown cells. p53 induction was significantly reduced in TRAF4 stable cells compared with control cells (Fig. 6A) . Knockdown of HAUSP strongly decreased the level of p53 and abolished SNP-induced p53 up-regulation in both control and TRAF4 stable cells. This observation is consistent with previous reports that partial reduction of HAUSP by RNAi indeed destabilized the p53, while complete ablation of HAUSP stabilized the p53 due to MDM2 destabilization (Li et al. 2002 (Li et al. , 2004 Cummins et al. 2004 ). We observed more dramatic p53 down-regulation caused by siHAUSP than we did for TRAF4 overexpression. The reason may be that less HAUSP was available for p53 deubiquitination when HAUSP was knocked down compared with TRAF4 competition. As shown in Figure 6B , HAUSP knocked down by specific siRNA also abolished the effect of siTRAF4 on p53 up-regulation. These results suggest that HAUSP is required for TRAF4-mediated p53 regulation. Figure 6 . HAUSP is the key molecule responsible for mediating TRAF4 regulation of p53 stability. (A) HAUSP knockdown diminished TRAF4 overexpression effects on p53 induction. TRAF4 stable MCF-7 cells and control vector stable cells were transfected with siRNA against HAUSP or scramble control siRNA followed by 2 mM SNP treatment for 4 h. The levels of p53 and HAUSP were assessed by Western blot analysis using specific antibodies. (B) HAUSP knockdown abolished siTRAF4 effects on p53 induction.
TRAF4 nuclear expression correlates with poor survival in breast cancer patients
To examine whether TRAF4 overexpression has clinical significance, we performed immunohistochemistry to analyze the expression of TRAF4 in 127 breast carcinoma samples. The breast cancer patients received adjuvant chemotherapy and/or radiotherapy and hormone therapy after surgical removal. Patients were followed up for 4-72 mo. The detailed characteristics of these patients have been described previously (Xia et al. 2004 ). More significant nuclear staining of TRAF4 in tumor samples was observed compared with normal breast tissues (Supplemental Fig. S10A ). In MCF-7 cells, we found that TRAF4 and p53 were predominantly localized in the nucleus, while HAUSP was equally distributed between the nucleus and the cytoplasm, suggesting that the competition between TRAF4 and p53 mainly occurs in the nucleus (Fig. 7A) . The overall survival of these breast cancer patients after surgery was plotted by use of the Kaplan-Meier method. As shown in Figure 7B , high TRAF4 nuclear expression is significantly associated with poor overall survival in these patients (P < 0.003). To correlate the TRAF4 expression with p53 function, we analyzed TRAF4 expression and the expression of the p53 target gene BID, a ''chemosensitivity gene'' (Sax et al. 2002) , in ER-positive breast tumors, since p53 mutation rate is lower in these tumors (Curtis et al. 2012 ). There were 12 cases of ER-positive tumors. A significant inverse correlation between TRAF4 and BID expression was observed (r = À0.598, P = 0.038) in these samples ( Fig.  7C; Supplemental Fig. S10B ). These results suggest that TRAF4 overexpression also down-regulates p53 function in ER-positive breast tumors. Altogether, our results provide clinical evidence that TRAF4 overexpression is associated with a poor response to therapy. . High TRAF4 nuclear expressions were correlated with poor survival in breast cancer patients. (A) TRAF4 and p53 were mainly localized in the nucleus of MCF-7 cells. The nuclear and cytoplasmic fractions of MCF-7 lysates were separated, and the expression levels of TRAF4, p53, and HAUSP in each fraction (50 mg) were determined by Western blot analysis. IkBa is mainly localized in the cytoplasm and is an indicator of successful separation of the cytoplasmic fraction from the nuclear fraction. (B) KaplanMeier analysis of overall survival curves of TRAF4 nuclear expressions in breast cancer patients is shown. (C) Relationships between the expression of TRAF4 and BID in surgical specimens of ER-positive breast cancer. Expression patterns of these two molecules in the ER-positive breast cancer samples were determined and summarized. Inverse correlation between TRAF4 and BID was analyzed using SPSS Pearson x 2 test (P = 0.038). A P-value of >0.05 was set as the criterion for statistical significance. (D) The working model of resistance to cytotoxic stress in SRC-3-overexpressing cells. In SRC-3-overexpressing cancer cells, TRAF4 is highly expressed and binds to the N-terminal TRAF-like domain of the deubiquitinase HAUSP, preventing the binding of p53 to the same region of HAUSP. This binding competition results in decreased p53 deubiquitination and protein levels, subsequently reducing stressinduced cell apoptosis.
Discussion
It is well documented that SRC-3 overexpression and its gene amplification are associated with a wide spectrum of malignant tumors (for review, see Xu et al. 2009; Gojis et al. 2010) . However, its role in drug resistance was not appreciated until recently (Etemadmoghadam et al. 2009; He et al. 2009; Cai et al. 2010) . Using a lentiviral cDNA library in a ''rescue screening'' for genes that facilitate SRC-3-depleted cell survival under cytotoxic stress conditions, we identified SRC-3 downstream-regulated genes important for this effect. We demonstrate here that SRC-3 deregulates p53 induction upon stress and that TRAF4 is a key downstream player in mediating this process. Under normal conditions, p53 levels are controlled by the balance between ubiquitin ligases, such as MDM2, and the deubiquitinases, including HAUSP. Under stress, ubiquitin ligases dissociate from p53, and deubiquitinases such as HAUSP function to protect p53 from protein degradation, resulting in cell apoptosis and/ or cell cycle arrest. In SRC-3-overexpressing cancer cells, TRAF4 is highly expressed and binds to the N-terminal TRAF-like domain of HAUSP, preventing the binding of p53 to the same region of HAUSP. This binding competition results in decreased p53 protein levels and subsequently reduces stress-induced cell apoptosis (Fig. 7D) .
A similar turnover mechanism has been shown to be used by MDM2 (Hu et al. 2006; Sheng et al. 2006) , the viral protein EBNA1 (Saridakis et al. 2005) , and TSPYL5 (Epping et al. 2011) . Although MDM2 also is deubiquitinated by HAUSP and is the preferred substrate under normal conditions, its interaction affinity with HAUSP is significantly reduced under conditions of cell stress (Meulmeester et al. 2005) . Stress also induces MDM2 dissociation from p53, resulting in p53 protein stabilization. We found that overexpression of MDM2 only decreased p53 protein under normal conditions but not in SNP-treated cells (Supplemental Fig. S11 ). Therefore, it is unlikely that MDM2 is involved in TRAF4-mediated p53 regulation under nitric oxide stress. Our in vitro proteinbinding assays and in vitro deubiquitination assays using purified proteins further confirm that TRAF4 can directly compete with p53 for HAUSP binding rather than indirectly affecting other p53-associated proteins.
The TRAF domain of TRAF4 is required for its interaction with the HAUSP TRAF-like domain and to regulate p53 stability (Fig. 5C,E) . This domain in TRAF family members is highly conserved. It mediates TRAF homodimerization, trimerization, or heterodimerization with other TRAFs (Rothe et al. 1994; Bradley and Pober 2001) . The interaction between TRAF4 and HAUSP may be analogous to the heterodimerization between other TRAF family members. Similar to the structures of all other TRAF domain proteins, the N terminus of HAUSP forms an eight-stranded anti-parallel b sandwich (Saridakis et al. 2005) , and p53 binds to a shallow depression on the surface of this structure (Sheng et al. 2006) . Binding of TRAF4 to this region appears to block p53 access. The N-terminal RING domains of TRAF2, TRAF6, and TRAF7 were reported to contain E3 ubiquitin ligase activities that catalyze K63 or K48 ubiquitination (Bradley and Pober 2001; Yang et al. 2009; Zotti et al. 2011) . Deletion of this domain did not compromise the ability of TRAF4 to regulate p53 (Fig. 5E) . Instead, it significantly increased TRAF4 protein stability (data not shown). This result excludes the possibility that the increased p53 ubiquitination observed in Figure 4B in the presence of TRAF4 is mediated by the potential ubiquitin ligase activity of TRAF4. Since TRAF4 is expressed at basal levels in normal tissues but is overexpressed in a wide spectrum of cancer tissues (Camilleri-Broet et al. 2007) , it is likely that its protein stability may be tightly controlled in normal conditions, while it is aberrantly regulated in cancers through its RING domain.
We observed that TRAF4 nuclear expression levels were significantly associated with poor survival in breast cancer patients after adjuvant therapy (Fig. 7B) , implying that the nuclear function of TRAF4 is critical in affecting patients' responses to therapy. This clinical observation is consistent with our findings that TRAF4 plays a key role in promoting p53 protein destabilization in the nucleus. TRAF4 can be localized in the plasma membrane, cytoplasm, and nucleus (Regnier et al. 1995; Kedinger et al. 2008) . Interestingly, it has been found to be predominantly localized in the cytoplasm of normal tissues (Krajewska et al. 1998; Kedinger et al. 2008) . We also found predominant cytoplasmic staining of TRAF4 in normal breast tissues in contrast to that observed for tumor tissues (Supplemental Fig. S10A ). In cancer tissues, both cytoplasmic and nuclear staining were observed, and in some cases, exclusive nuclear staining was seen for TRAF4 (Camilleri-Broet et al. 2007 ). It appears that the subcellular distribution of TRAF4 is altered in cancers, and greater nuclear expression is associated with poor prognosis. It is still not clear how TRAF4 nuclear localization is regulated in cancers. A TRAF domain deletion was previously reported to abolish TRAF4 nuclear localization despite the fact that no nuclear localization signal was found in this region of the protein (Glauner et al. 2002; Kedinger et al. 2008) . Since this region also is involved in protein-protein interactions, it may be possible that the nuclear localization of TRAF4 is assisted by an unknown protein that interacts with the TRAF domain and that this interaction is especially relevant in tumor cells.
In normal cells, tumor suppressors function to control excessive cell proliferation. Strong mitogenic signaling pathways often activate the tumor suppressor p53, which functions as a counterbalance that leads to cell growth arrest. To overcome this suppression brake, tumor development is usually accompanied by inhibition or loss of tumor suppressor functions. As an oncogenic coactivator, SRC-3 has been shown to activate multiple pathways (such as nuclear receptor, E2F, and AKT signaling) that can promote cancer cell proliferation (Yan et al. 2006) . In addition to these proliferation pathways, we now demonstrate another oncogenic role for SRC-3 through its ability to directly inhibit the tumor suppressor p53. SRC-3 accomplishes this by promoting the expression of TRAF4, leading to the suppression of proteins responsible for p53 protein stabilization in response to cellular stress. This function provides further growth advantage for tumor cells to overexpress SRC-3 in order to proliferate. p53 is frequently mutated (;50%) in cancers, and its mutation plays a central role in drug resistance. Therapeutic strategies to restore p53 function in tumors are currently in development (Tan and White 2008) . In breast cancers, however, only ;20% of tumors possess p53 mutations (Gasco et al. 2003; Chrisanthar et al. 2011; Curtis et al. 2012) . Thus, aberrant regulation of wild-type p53 activity and protein stability are more likely to play a role in drug resistance in these instances. Our analysis on the inverse correlation between SRC-3 protein levels and the levels of p53 target gene BID in breast-invasive carcinoma samples (Fig. 3A,B) implies that SRC-3 can negatively regulate wild-type p53 function in breast cancer patients. The ability of SRC-3 and TRAF4 to destabilize p53 can play an important role in mediating breast cancer resistance to drug therapies and for breast cancer cells to proliferate in the context of the cytotoxic stress that accompanies activation of mitogenic pathways. Because of SRC-3's ability to abrogate p53 function, our results suggest that SRC-3 overexpression may be especially important in tumors in which p53 is not mutated.
Materials and methods
In vitro competition assay p53, HAUSP, and TRAF4 were synthesized using an in vitro transcription and translation kit according to the manufacturer's instruction (Promega). Ten microliters of p53 was incubated with 10 mL of HAUSP in the absence or presence of TRAF4 (10 or 20 mL) for 30 min on ice. The reaction mixture was then subjected to co-IP using a HAUSP specific antibody (Bethyl Laboratories). Western blot analysis was then performed to analyze HAUSP-associated p53.
Flag-p53 was purified from transfected 293T cells using Flag M2 beads in lysis buffer (50 mM Tris-HCl at pH 7.8, 137 mM NaCl, 10 mM NaF, 1 mM EDTA, 1% Triton X-100, 0.2% sarkosyl, 1 mM DTT, 10% glycerol). After extensive washing, Flag-p53 was eluted by adding 150 ng/mL 33 Flag peptide in TBS buffer. Flag-HAUSP and Flag-TRAF4 deletion mutants were transfected into 293T cells and purified using Flag M2 beads using the same procedure described above. Purified p53 was incubated with HAUSP in the absence or presence of TRAF4 and was coimmunoprecipitated by the HAUSP antibody.
Immunohistochemistry
The procedure for TRAF4 immunostaining in breast cancer tumor samples and the scoring of immunoreactivity were essentially the same as described previously (Xia et al. 2004 ). TRAF4 antibody was obtained from Santa Cruz Biotechnology (H-72) and used at 1:50 dilution. BID antibody was obtained from Abcam. The difference in survival distribution was analyzed by log-rank test. Statistical analysis was performed with SAS 8.0 and S-plus 2000 software. The expression of TRAF4 and BID in 12 ER-positive breast tumors was scored by the cross-product (H score) of the percentage of tumors cells staining at each of the staining intensities (Camp et al. 1999) .
The breast tumor tissue array (Pantomics) contained 75 cases and 150 cores of normal tissue and different stages of breast tumor material. Immunohistochemistry was performed using a SRC-3 antibody (1:100) and a TRAF4 antibody. Each SRC-3-or TRAF4-stained sample was assigned a score ranging from 0 to 3, with 0 for negative and 3 for very strong staining. The score of each case was then averaged between duplicate cores. The Pearson Product Moment correlation coefficient and the P-value of SRC-3 and TRAF4 expression in all samples were calculated using statistics software from Wessa (http://www.wessa.net).
Additional materials and methods are described in the Supplemental Material.
